Introduction
============

Esophageal cancer (EC) ranks seventh in terms of incidence and sixth in mortality rate worldwide for 36 cancers in 185 countries ([@b1-ol-0-0-11840]). A randomized controlled trial demonstrated that preoperative chemotherapy had a significantly higher survival rate compared with postoperative adjuvant chemotherapy in advanced EC ([@b2-ol-0-0-11840],[@b3-ol-0-0-11840]). Based on the results of this previous trial, preoperative chemotherapy followed by esophagectomy has become a standard treatment strategy for advanced EC in Japan. However, the prognosis of patients with EC remains poor, with a 5-year OS rate of 43--61% ([@b3-ol-0-0-11840]--[@b5-ol-0-0-11840]). It is therefore necessary to develop novel strategies for the treatment of EC and to identify predictive factors for the outcomes of patients in order to improve treatment planning.

S-phase kinase-associated protein (Skp), Cullin and F-box containing (SCF) ubiquitin ligases contain Ring box protein-1 (RBX1), and are the largest E3 ubiquitin ligases. These ligases serve a crucial role in controlling protein turnover, and regulating various signaling pathways and cellular processes, such as cell cycle regulatory proteins, transcription factors and signal transducers, as part of the ubiquitin-proteasome systems ([@b6-ol-0-0-11840]--[@b9-ol-0-0-11840]). Thus, dysfunction of SCF ubiquitin ligases due to the aberrant expression of the complex components can cause various diseases, including cancer ([@b10-ol-0-0-11840]--[@b12-ol-0-0-11840]). RBX1 is an essential component of the SCF ubiquitin ligase complex, interacting with different members of the Cullin family of proteins and forming catalytic cores ([@b7-ol-0-0-11840],[@b13-ol-0-0-11840]). RBX1 is expressed in multiple human tissues, in particular the placenta, muscle, heart and liver ([@b14-ol-0-0-11840]). It has been reported that RBX1 is overexpressed in several cancer types, such as lung, breast, liver and gastric cancers, and RBX1 expression levels are significantly associated with the survival rate of patients with cancer ([@b15-ol-0-0-11840],[@b16-ol-0-0-11840]). Furthermore, RBX1 serves an important role in inducing cancer cell proliferation, including esophageal and gastric cancer ([@b15-ol-0-0-11840],[@b17-ol-0-0-11840]). Previously, dysfunction of E3 ubiquitin ligases has been reported to be associated with resistance to chemotherapy and radiotherapy, such as acute myelogenous leukemia and lung cancer ([@b18-ol-0-0-11840]--[@b20-ol-0-0-11840]). However, little is known regarding the prognostic value of RBX1 and the association between RBX1 expression and its effect on chemotherapy in EC.

The present study investigated the clinical significance and prognostic impact of RBX1 expression in EC. Furthermore, the role of RBX1 in the progression of EC was evaluated *in vitro* using a small interfering (si)RNA silencing technique.

Materials and methods
=====================

### Patients

In total, 120 patients (97 men and 23 women) with squamous cell carcinoma who underwent R0 esophagectomy in the Department of Surgery, Nara Medical University Hospital between January 1995 and December 2011 were included in the present study. The median age of the patients was 63 years (age range, 42--80 years). These patients had not undergone chemotherapy or radiotherapy before surgery. Cancerous and non-cancerous tissue specimens were obtained from resected specimens of 13 patients and were stored at −80°C. Non-cancerous tissues were obtained from adjacent normal tissues (\>2 cm away from cancerous tissues). The rest of each specimen was fixed in 10% phosphate-buffered formalin at room temperature for 24--48 h and embedded in paraffin for immunohistochemical analysis. Tumors were classified according to the Tumor-Node-Metastasis (TNM) staging system ([@b21-ol-0-0-11840]). The patients were followed up until death or November 2018 in an outpatient clinic. The median follow-up period for all patients was 33.4 months. Furthermore, 61 patients with EC who underwent neoadjuvant combination chemotherapy with docetaxel, cisplatin and 5-fluorouracil (5-FU; DCF) and subsequent esophagectomy in the Department of Surgery, Nara Medical University Hospital, between January 2008 and December 2017 were also included. Among these patients, 60 had squamous cell carcinoma, and one had adenocarcinoma. These patients were followed up until death or November 2018 in an outpatient clinic. The median follow-up period for these patients was 44.2 months. The pathological response to chemotherapy was evaluated according to the Japanese Classification of Esophageal Cancer as follows: Grade 0, no recognizable cytological or histological therapeutic effect; grade 1a, viable cancer cells accounting for 2/3 or more of the tumor tissue; grade 1b, viable cancer cells accounting for 1/3 or more, but \<2/3, of the tumor tissue; grade 2, viable cancer cells accounting for \<1/3 of the tumor tissue, while other cancer cells are severely degenerated or necrotic; and grade 3, no viable cancer cells are evident ([@b22-ol-0-0-11840]). Written informed consent was provided by all patients prior to surgery, and the present study was approved by the Local Ethics Committee on Clinical Investigation of Nara Medical University (Kashihara, Japan; approval no. 1980).

### Immunohistochemistry

Formalin-fixed, paraffin-embedded tissues were cut into 5 µm-thick-sections. Sections were stained using a DAKO EnVision system (Dako; Agilent Technologies, Inc.), as described previously ([@b16-ol-0-0-11840],[@b23-ol-0-0-11840],[@b24-ol-0-0-11840]). Mouse monoclonal anti-RBX1 antibody (cat. no. ab133565, 1:250 dilution; Abcam) was used as the primary antibody. To evaluate RBX1 expression levels, at least 1,000 tumor cells from the invasive front of tumors were scored at ×400 magnification, and the percentage of positively stained tumor cells was calculated. A cut-off value for percentage of RBX1-positive tumor cells was set at median value (76.2%).

### Cell lines

Human EC cell lines (TE-1 and TE-6) were obtained from the RIKEN BioResource Center and cultured in RPMI-1640 (Wako Pure Chemical Industries, Ltd.) supplemented with 10% heat-inactivated fetal bovine serum. All cells were maintained in an atmosphere containing 5% CO~2~ at 37°C.

### Extraction of total mRNA and reverse transcriptase-quantitative (RT-q)PCR

Total RNA was extracted from EC tissues, non-cancer tissues and human EC cell lines using RNAspin Mini (GE Healthcare), and the first-strand cDNA was synthesized from 1 µg RNA using the high-capacity cDNA reverse transcription kit (cat. no. 4368813; Applied Biosystems; Thermo Fisher Scientific, Inc.) as previously described ([@b16-ol-0-0-11840],[@b23-ol-0-0-11840],[@b24-ol-0-0-11840]). For RT-qPCR, cDNA was amplified using TaqMan Fast Universal PCR Master Mix (2X; Applied Biosystems; Thermo Fisher Scientific, Inc.) with gene-specific primers and a lysate probe on a StepOnePlus Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. The thermal cycling conditions were 95°C for 20 sec, followed by 40 cycles of 95°C for 1 sec and 60°C for 20 sec. qPCR experiments for each gene were carried out on 3 separate occasions. All primer/probe sets were purchased from Applied Biosystems; Thermo Fisher Scientific, Inc. (RBX1; Hs00360274m1, β~2~-microglobulin; Hs00984230_m1). Expression levels of β~2~-microglobulin, a housekeeping gene, were measured as an internal reference with a standard curve to determine the integrity of template RNA for all the specimens. The ratio of the RBX1 mRNA levels were calculated as follows: (Absolute copy number of RBX1)/(absolute copy number of β~2~-microglobulin) ([@b25-ol-0-0-11840]).

### Small interfering RNA (siRNA) transfection of RBX1

In transfection analyses, TE-1 and TE-6 cells were seeded in 6-well plates and transfected with either control RNA (scrambled siRNA; Qiagen, Inc.) or siRNA (20 nmol) against RBX1. Transfection was performed using the Lipofectamine^®^ system (Invitrogen; Thermo Fisher Scientific), as described previously ([@b16-ol-0-0-11840],[@b23-ol-0-0-11840],[@b24-ol-0-0-11840]). The human RBX1 siRNA duplexes, generated with 3′-dTdT overhangs and prepared by Qiagen, Inc, were used to target the following DNA sequence: 5′-CTGCTGTTACCTAATTACAAA-3′.

### Cell viability assay

Cell viability was determined using a Cell-Titer Blue^®^ Cell Viability Assay kit (Promega Corporation), as described previously ([@b16-ol-0-0-11840],[@b23-ol-0-0-11840],[@b24-ol-0-0-11840]). Briefly, aliquots of 3.0×10^3^ TE-1 cells and 4.0×10^3^ TE-6 cells per well were cultured in 96-well plates at 37°C. Cells were transfected with control RNA or RBX1 siRNA after 24 h. Cell-Titer Blue reagent was added to each well 72 h after transfection. Fluorescence was measured at a wavelength of 590 nm upon excitation at 560 nm using a SoftMax^®^ Pro 5 device (Molecular Devices, LLC). Each experiment was performed at least three times.

### Cell cycle analysis

Cell cycle analysis was performed using a Cycletest™ Plus DNA Reagent kit (BD Biosciences), as described previously ([@b16-ol-0-0-11840],[@b23-ol-0-0-11840],[@b24-ol-0-0-11840]). Cells were stained with propidium iodide at 4°C for 15 min using the Cycletest™ Plus DNA Reagent kit (cat. no. 340242; BD Biosciences). The cellular DNA content of at least 2×10^4^ cells was analyzed using a FACSCalibur instrument (BD Biosciences), and the percentages of cells in the different phases of the cycle were determined using the CellQuest software program (version 6.0; BD Biosciences).

### 5-FU treatment

For the cytotoxicity assay, aliquots of 3.0×10^3^ TE-1 cells and 4.0×10^3^ TE-6 cells per well were seeded in 96-well plates. After 24 h, cells were treated with 5-FU (10 µM; Wako Pure Chemical Industries, Ltd.), RBX1 siRNA (20 nmol; Qiagen, Inc.), or a combination of 5-FU and RBX1 siRNA at 37°C. Control cells received no treatment. After 72 h, cell viability was determined using a Cell-Titer Blue Cell Viability Assay kit. Each experiment was performed at least three times.

### Western blotting

Human EC cell lines (TE-1 and TE-6) transfected with control RNA or RBX1 siRNA were harvested, and whole cell proteins were exracted using PRO-PREP™ Protein Extraction Solution for Cell/Tissue (Intron Biotechnology, Inc.), and densities were measured using a DeNovix DS-11 spectrophotometer (DeNovix Inc., <http://www.denovix.com>). Proteins (15 µg) were loaded per lane onto a 10 or 12% gels, resolved using SDS-PAGE and then transferred onto polyvinylidene difluoride membranes (EMD Millipore), which were then blocked using 5% skimmed milk at room temperature for 1 h. Mouse monoclonal anti-RBX1 antibodies (cat. no. ab133565; 1:5,000 dilution; Abcam), rabbit monoclonal anti-p21 antibodies (cat. no. sc-397; 1:100 dilution; Santa Cruz Biotechnology, Inc.) and mouse monoclonal anti-actin antibodies (cat. no. 3700, 1:1,000 dilution; Cell Signaling Technology, Inc.) were used. The membranes were incubated with these primary antibodies overnight at 4°C, and then were incubated with horseradish peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulin G secondary antibodies (anti-mouse IgG-HRP; cat. no. sc-2005; 1:5,000 dilution and anti-rabbit IgG-HRP; cat. no. sc-2004; 1:5,000 dilution; both purchased from Santa Cruz Biotechnology, Inc.) at room temperature for 1 h. Peroxidase activity was detected on X-ray films using an enhanced chemiluminescence detection system (Western Lightning Plus-ECL; PerkinElmer, Inc.).

### Statistical analysis

Continuous variables are expressed as the mean ± standard deviation, and the means were compared using an unpaired t-test or a one-way ANOVA with Tukey\'s post hoc test. Categorical variables are presented as numbers and percentages, and groups were compared using the χ^2^ test or Fisher\'s exact test. Overall survival (OS) was defined as the time from the operation until death. Relapse-free survival (RFS) was defined as the time from the operation until EC recurrence. Survival curves were constructed using the Kaplan-Meier method, and differences between the curves were analyzed using a log-rank test. Univariate and multivariate hazard ratios (HRs) were calculated using the Cox proportional hazards model. All significant variables identified in the univariate analysis were entered into a multivariate analysis. P\<0.05 was considered to indicate a statistical significance and confidence intervals (CIs) were calculated at the 95% level. All statistical analyses were performed using SPSS version 19.0 (IBM Corp.).

Results
=======

### RBX1 expression in EC

The relative expression levels of RBX1 between EC tissues and non-cancer tissues were compared using frozen tissues. qPCR indicated that 11 of 13 (84.6%) EC tissues expressed higher levels of RBX1 mRNA compared with those of non-cancer tissues. In addition, EC tissues expressed significantly higher levels of RBX1 mRNA compared with non-cancer tissues (P\<0.001; [Fig. 1A](#f1-ol-0-0-11840){ref-type="fig"}). The protein expression of RBX1 was then investigated ([Fig. 1B](#f1-ol-0-0-11840){ref-type="fig"}). In all EC tissue specimens, positive staining for RBX1 was detected in the nuclei of cancer cells. In some cancer cells, the cytoplasm was also positively stained. Normal squamous epithelial cells showed a lack of staining, and positive staining was observed in some mononuclear cells. Overall, the median percentage of RBX1-positive tumor cells was 76.2% (range, 2.5--93.5%; data not shown).

### Clinicopathological significance of RBX1 expression in EC

The associations between clinicopathological factors and RBX1 expression are shown in [Table I](#tI-ol-0-0-11840){ref-type="table"}. There were significant differences in the percentage of RBX1-positive tumor cells in terms of the tumor size (\<50 vs. ≥50 mm, P\<0.001), tumor depth (T1/T2 vs. T3/T4, P=0.002) and pathological stage (stage I/II vs. III/IV, P=0.001). Tumors with lymph node metastasis (P=0.004), lymphatic invasion (P=0.001) and venous invasion (P=0.001) had significantly higher positive numbers of RBX1 cells compared with those without such factors.

### Association of RBX1 expression with postoperative prognosis

To investigate the prognostic significance of RBX1 expression in EC, all specimens were classified into two groups according to the percentage of RBX1-positive tumor cells. In total, 61 (50.8%) patients with an RBX1-positive rate of ≥76.2% were classified into the RBX1 high expression group, and 59 (49.2%) patients with an RBX1-positive rate of \<76.2% were classified into the RBX1 low expression group ([Fig. 1B](#f1-ol-0-0-11840){ref-type="fig"}). The 5-year OS rate of the RBX1 high expression group was significantly lower compared with that of the low expression group (33.0 vs. 56.7%, respectively, P=0.004; [Fig. 1C](#f1-ol-0-0-11840){ref-type="fig"}). There was also a significant difference in the 5-year RFS rate between the RBX1 high expression and low expression groups (30.0 vs. 52.9%, respectively, P=0.018; [Fig. 1C](#f1-ol-0-0-11840){ref-type="fig"}).

### Influence of RBX1 expression on postoperative recurrence

At the time of the analysis, 62 patients (51.7%) had postoperative recurrence. Some patients relapsed after 5 years and died due to other reasons. Overall, there was no significant difference in the recurrence rate between the high and low RBX1 expression groups (P=0.101; [Table II](#tII-ol-0-0-11840){ref-type="table"}). With regard to the site of recurrence, the RBX1 high expression group had a significantly higher rate of lymph node recurrence compared with the low expression group (P=0.007; [Table II](#tII-ol-0-0-11840){ref-type="table"}). There were no significant differences in pleural and hematogenous recurrence rates between the high and low RBX1 expression groups.

### Prognostic value of the RBX1 expression in EC

In the univariate analysis, the factors that were significantly associated with OS were sex (P=0.022), tumor depth (P\<0.001), lymph node metastasis (P\<0.001), distant metastasis (P=0.002), venous invasion (P=0.013) and RBX1 expression (P=0.004; data not shown). Multivariate analysis demonstrated that RBX1 expression (P=0.012), as well as sex (P=0.006), tumor depth (P\<0.001) and lymph node metastasis (P=0.001) were independent prognostic factors for OS ([Table III](#tIII-ol-0-0-11840){ref-type="table"}).

### Association between RBX1 expression and proliferation of EC cells

As previous studies have suggested the involvement of RBX1 in cancer cell proliferation ([@b15-ol-0-0-11840]--[@b17-ol-0-0-11840]), the present study investigated the effect of RBX1 downregulation on the proliferation of EC cells. RBX1 downregulation was induced in human EC cell lines (TE-1 and TE-6) by using an siRNA knockdown approach. mRNA and protein expression levels of RBX1 were significantly reduced by RBX1 siRNA compared with the control RNA in both cell lines 72 h post-transfection (P\<0.001; [Fig. 2A and B](#f2-ol-0-0-11840){ref-type="fig"}). The CellTiter-Blue Cell Viability assay showed that RBX1 gene silencing significantly inhibited cell proliferation for up to 72 h in both cell lines (P\<0.001; [Fig. 2C](#f2-ol-0-0-11840){ref-type="fig"}).

### RBX1 gene silencing induces G~2~/M cell cycle arrest in EC cells

In order to determine the mechanisms underlying the inhibition of cell proliferation by RBX1 gene silencing, the cell cycle profile of cells treated with RBX1 siRNA was examined. As shown in [Fig. 2D](#f2-ol-0-0-11840){ref-type="fig"}, *RBX1* gene-silenced cells significantly increased the number of cells in the G~2~/M phase in both cell lines (TE-1, control RNA vs. RBX1 siRNA, 23.5±0.4 vs. 30.9±0.5%, P\<0.001; TE-6, 15.0±2.7 vs. 28.8±1.0%, P=0.002). Western blotting showed that the protein levels of p21 were increased by *RBX1* gene silencing in both cell lines ([Fig. 2B](#f2-ol-0-0-11840){ref-type="fig"}).

### Efficacy of chemotherapy combination with RBX1 gene silencing

The association between RBX1 expression levels and the antitumor effect of chemotherapeutic agents was investigated, as SCF E3 ligases are associated with chemotherapy resistance ([@b19-ol-0-0-11840],[@b20-ol-0-0-11840]). Treatment with 5-FU or RBX1 siRNA alone significantly inhibited the proliferation of EC cells compared with the untreated control in both cell lines (P\<0.001; [Fig. 3A](#f3-ol-0-0-11840){ref-type="fig"}). In addition, the combination of 5-FU and RBX1 siRNA treatment significantly inhibited the proliferation of EC cells compared with 5-FU or RBX1 siRNA alone in both cell lines (P\<0.001; [Fig. 3A](#f3-ol-0-0-11840){ref-type="fig"}).

### Association between postoperative survival and RBX1 expression in patients with EC who underwent neoadjuvant chemotherapy

Lastly, the prognostic value of RBX1 in patients who underwent neoadjuvant DCF therapy followed by curative esophagectomy was examined. The 5-year OS rate of patients with tumors with high RBX1 expression was significantly lower compared with that of patients with low RBX1 expression (19.4 vs. 65.0%, P\<0.001, [Fig. 3B](#f3-ol-0-0-11840){ref-type="fig"}). Furthermore, the mean percentage of RBX1-positive tumor cells was significantly higher in grade 1a tumors compared with grade 1b or 2 tumors (P\<0.05; [Fig. 3C and D](#f3-ol-0-0-11840){ref-type="fig"}).

Discussion
==========

The present study investigated the expression of RBX1, a core subunit of SCF ubiquitin ligases ([@b6-ol-0-0-11840]--[@b9-ol-0-0-11840]), and demonstrated its clinical importance in EC. Previous studies have reported that overexpression of components of the SCF complex, such as Skp2, Cullin1 and 4, were significantly associated with a worse prognosis in several cancer types, such as gastric cancer and breast cancer ([@b12-ol-0-0-11840],[@b23-ol-0-0-11840],[@b26-ol-0-0-11840]--[@b28-ol-0-0-11840]). Similarly, some studies evaluated the prognostic value of RBX1 in cancer, and identified that higher expression of RBX1 is an independent factor for poor prognosis in gastric cancer and non-muscle-invasive bladder transitional cell carcinoma ([@b16-ol-0-0-11840],[@b29-ol-0-0-11840]). Recently, Zhang *et al* ([@b15-ol-0-0-11840]) have also shown that the overexpression of RBX1 is significantly associated with a lower OS rate in EC. In the present study, the mRNA levels of RBX1 were higher in EC tissues compared with those in non-cancer tissues; however, pairs of cancerous and non-cancerous tissues were only available for 13 patients. Immunohistochemical analysis also showed that RBX1 was overexpressed in EC tissues compared with adjacent normal tissues, and the higher expression of RBX1 was significantly associated with worse postoperative OS. Importantly, RBX1 expression levels were identified as an independent predictor of OS. These results suggested that RBX1 serves as a novel prognostic biomarker, and highlights the clinical importance of RBX1 in EC.

A limited number of studies have investigated the clinical significance of RBX1 in cancer. Some studies have shown significant associations between the expression levels of RBX1 and various tumor-associated factors, such as tumor depth and tumor size. One study reported that the expression levels of RBX1 were positively associated with tumor grade and stage in non-muscle-invasive bladder transitional cell carcinoma ([@b29-ol-0-0-11840]). Another study showed that the expression levels of RBX1 were significantly associated with tumor size and pathological differentiation grade in hepatocellular carcinoma ([@b30-ol-0-0-11840]). Our previous study reported that the expression levels of RBX1 were significantly associated with tumor depth, distant metastasis and venous invasion in gastric cancer ([@b16-ol-0-0-11840]). The present study revealed that a higher expression of RBX1 was significantly associated with advanced tumor features, including larger tumor size, deeper depth of invasion, lymph node metastasis, advanced pathological stage, lymphatic invasion and venous invasion. These results indicate that RBX1 might be involved in promoting the progression and metastasis of EC.

The present study also evaluated the impact of the RBX1 expression on postoperative recurrence in EC. Some studies have investigated the association between the expression of RBX1 and cancer recurrence. Wang *et al* ([@b29-ol-0-0-11840]) demonstrated that the expression levels of RBX1 were independently associated with local recurrence of non-muscle-invasive bladder transitional cell carcinoma. Our previous study showed that patients with tumors with higher expression of RBX1 had a significantly higher rate of hematogenous recurrence in gastric cancer ([@b16-ol-0-0-11840]). In the present study, the 5-year RFS rate in the RBX1 high expression group was significantly lower compared with that in the low expression group. In addition, lymph node recurrence was significantly more common in patients with high RBX1 expression compared with patients with low expression. This higher rate of lymph node recurrence may be partly due to the higher frequency of lymph node metastasis and lymphatic invasion in tumors with high RBX1 expression. These findings suggest that RBX1 status can be a useful predictor of recurrence in patients with EC.

It has been reported that RBX1 is essential for cancer cell proliferation and survival, such as colon cancer and breast cancer cells ([@b31-ol-0-0-11840],[@b32-ol-0-0-11840]). In the present study, the effect of the RBX1 expression on the proliferation of EC cells was examined. Zhang *et al* ([@b15-ol-0-0-11840]) showed that knockdown of RBX1 expression significantly inhibited the proliferation of EC cells. Similarly, the present study demonstrated that *RBX1* gene silencing significantly inhibited the proliferation of EC cells. The mechanism by which *RBX1* gene silencing inhibits the proliferation of EC cells was then further investigated. It is well known that SCF ligases ubiquitinate and degrade various cell cycle regulators, such as p21 and p27 ([@b12-ol-0-0-11840]). Previous studies have shown that *RBX1* gene silencing leads to G~2~/M cell cycle arrest and the accumulation of p21 and p27 proteins ([@b15-ol-0-0-11840],[@b17-ol-0-0-11840],[@b31-ol-0-0-11840]). Consistent with these results, the present study showed that *RBX1* gene silencing induced G~2~/M cell cycle arrest and increased the protein levels of p21. p21 is known to inhibit the activity of cyclin-dependent kinase and cyclin complexes and block cell cycle progression ([@b33-ol-0-0-11840]). The present study did not investigate these protein levels, such as p27 and cyclin B; however, these results suggested that RBX1 might stimulate the cell cycle, partly through the regulation of the p21 level in EC

In clinical practice, the prediction of responses to anticancer treatment is important for improving oncological outcomes. Some studies have evaluated the association between the clinical outcomes and expression levels of E3 ubiquitin ligases, and have shown that overexpression of E3 ubiquitin ligases, such as RNF126 and Nrdp1, is associated with a poor prognosis, and higher rates of metastasis and/or recurrence in patients with breast cancer who underwent adjuvant chemotherapy ([@b34-ol-0-0-11840],[@b35-ol-0-0-11840]). Tian *et al* ([@b36-ol-0-0-11840]) reported that high expression of Skp2 was associated with lower rates of disease-specific survival, local recurrence-free survival and metastasis-free survival in patients with rectal cancer who received preoperative chemoradiotherapy. However, the clinical significance of RBX1 in patients with cancer who have undergone chemotherapy and/or radiotherapy remains unclear. Furthermore, the association between RBX1 expression and pathological response in patients who have undergone neoadjuvant chemotherapy is also unclear. In the present study, the OS rate of patients with high RBX1 expression tumors was significantly lower compared with that of patients with low expression, among patients who received neoadjuvant DCF therapy followed by curative esophagectomy. Furthermore, the positive rate of RBX1 in tumors with a grade 1a pathological response was significantly higher compared with that in tumors with grade 1b or 2 pathological response. These data suggested that RBX1 may be a useful predictor of the response to chemotherapy.

It was hypothesized that chemotherapy may influence the expression levels of RBX1. Thus, the patients were divided into the without preoperative chemotherapy and with neoadjuvant DCF therapy group in the present study, and the expression levels of RBX1 in each group were evaluated. The present study could not evaluate RBX1 expression in specimens before chemotherapy; thus, further investigations on RBX1 expression before and after chemotherapy are required.

Chemotherapy resistance can lead to tumor recurrence and cause a worse prognosis in patients with cancer ([@b3-ol-0-0-11840],[@b37-ol-0-0-11840]). Thus, further enhancement of the antitumor effects of chemotherapy is required to prolong the survival of patients with EC. Dysfunction of E3 ubiquitin ligases has been suggested to contribute to chemoresistance ([@b15-ol-0-0-11840],[@b19-ol-0-0-11840],[@b20-ol-0-0-11840]). Previous studies have reported that the inactivation of SCF ubiquitin ligases by the NEDD8-activating enzyme inhibitor, MLN4924, augments the efficacy of cytarabine in acute myelogenous leukemia and cisplatin in ovarian cancer ([@b19-ol-0-0-11840],[@b20-ol-0-0-11840]). Zhang *et al* ([@b15-ol-0-0-11840]) showed that knockdown of RBX1 expression enhanced the cytotoxicity of cisplatin in EC. In the present study, the combination of 5-FU and *RBX1* gene silencing resulted in a significant reduction in the proliferation of EC cells compared with 5-FU or *RBX1* gene silencing alone. These data suggested that *RBX1* silencing could serve as an attractive chemosensitizing method. Taken together, RBX1 could be an attractive therapeutic target for EC. However, further investigations are required to clarify the mechanisms underlying the precise function of RBX1 in the progression of EC.

In conclusion, the present study demonstrated that RBX1 is associated with features of advanced EC tumors, and that RBX1 has prognostic value in EC. Furthermore, RBX1 may have an important role in regulating the proliferation of EC cells and contribute to chemoresistance. The present data may provide a rationale for developing a novel therapeutic strategy targeting RBX1 in EC.
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![Clinical significance of RBX1 expression in EC. (A) Expression of RBX1 in cancer tissue was higher compared with non-cancer tissue in 84.6% of patients with EC. RBX1 expression of cancer tissues specimens (n=13) was significantly higher compared with that of non-cancer tissues. (B) Representative cases with low and high RBX1 expression levels. Magnification, ×200. (C) Postoperative overall (P=0.004) and relapse-free survival (P=0.018) in patients with RBX1 high expression tumors were significantly poorer compared with patients with RBX1 low expression tumors. \*P\<0.05 vs. non-cancer tissues. EC, esophageal cancer; RBX1, ring box protein-1.](ol-20-03-2919-g00){#f1-ol-0-0-11840}

![Downregulation of RBX1 expression using siRNA inhibits cell proliferation and induces cell cycle arrest in esophageal cancer. (A) TE-1 and TE-6 cells were transfected with control RNA or RBX1 siRNA. RBX1 expression was evaluated using reverse-transcription quantitative PCR. After transfection with RBX1 siRNA, expression of RBX1 mRNA was significantly reduced for up to 72 h in both cell lines. (B) Protein levels of RBX1, p21 and β-actin were analyzed using western blotting. (C) Cell proliferation was significantly inhibited in cells treated with RBX1 siRNA, as determined using a CellTiter-Blue^®^ Cell Viability assay after 72 h of incubation (n=10 from each group). (D) TE1 and TE6 cells were transfected with siRNA for 72 h, and then subjected to propidium iodide staining. The cell cycle profile was analyzed using flow cytometry. \*P\<0.05, \*\*P\<0.01 vs. control. RBX1, ring box protein-1; si, small interfering.](ol-20-03-2919-g01){#f2-ol-0-0-11840}

![Associations between the expression levels of RBX1 and the antitumor effect of chemotherapy. (A) Cell proliferation was significantly inhibited by combined treatment with 5-FU and RBX1 siRNA in comparison to 5-FU or RBX1 siRNA alone, as determined using a CellTiter-Blue^®^ Cell Viability assay after 72 h of incubation (n=10 from each group). (B) Among patients who received neoadjuvant combination chemotherapy with DCF, postoperative overall survival in patients with high RBX1 expression in tumors was significantly poorer compared with patients with low expression tumors. (C) Mean percentage of RBX1-positive tumor cells was significantly higher in tumors with a grade 1a compared with tumors with grade 1b or 2 pathological responses. (D) Representative cases of RBX1 expression according to the pathological response to neoadjuvant DCF therapy. Magnification, ×200. \*P\<0.05 vs. grade 1a; \*\*P\<0.01. RBX1, ring box protein-1; si, small interfering; DCF, docetaxel, cisplatin and 5-fluorouracil.](ol-20-03-2919-g02){#f3-ol-0-0-11840}

###### 

Association between the clinicopathological factors and RBX1 expression levels of patients with esophageal cancer.

  Variables               Value (%)    Percentage of RBX1-positive tumor cells (%)   P-value^[a](#tfn2-ol-0-0-11840){ref-type="table-fn"}^
  ----------------------- ------------ --------------------------------------------- -------------------------------------------------------
  Age, years                                                                         0.067
    \<63                  58 (48.3)    60.8±23.8                                     
    ≥63                   62 (51.7)    69.1±25.2                                     
  Sex                                                                                0.926
    Male                  97 (80.8)    65.0±25.1                                     
    Female                23 (19.2)    65.5±24.1                                     
  Tumor size, mm                                                                     \<0.001
    \<50                  79 (65.8)    60.0±26.2                                     
    ≥50                   41 (34.2)    75.0±18.6                                     
  Tumor depth                                                                        0.002
    T1/T2                 61 (50.8)    58.5±27.3                                     
    T3/T4                 59 (49.2)    72.0±20.0                                     
  Lymph node metastasis                                                              0.004
    Negative              48 (40.0)    56.8±27.3                                     
    Positive              72 (60.0)    70.6±21.4                                     
  Distant metastasis                                                                 0.433
    No                    111 (92.5)   64.6±25.4                                     
    Yes                   9 (7.5)      71.4±14.2                                     
  Pathological stage                                                                 0.001
    I/II                  57 (47.5)    57.1±27.5                                     
    III/IV                63 (52.5)    72.4±19.6                                     
  Lymphatic invasion                                                                 0.001
    Negative              34 (28.3)    51.7±27.6                                     
    Positive              86 (71.7)    70.4±21.6                                     
  Venous invasion                                                                    0.001
    Negative              74 (61.7)    59.6±26.3                                     
    Positive              46 (38.3)    74.0±19.3                                     

Values are expressed as the mean ± standard deviation.

Value obtained using a Students t-test. RBX1, ring box protein-1.

###### 

Impact of the RBX1 status on postoperative recurrence.

                   RBX1 expression               
  ---------------- ----------------- ----------- -----------------------------------------------------
  All recurrence   26 (44.1)         36 (59.0)   0.101^[a](#tfn4-ol-0-0-11840){ref-type="table-fn"}^
  Pleura           1 (1.7)           5 (8.5)     0.107^[b](#tfn5-ol-0-0-11840){ref-type="table-fn"}^
  Hematogenous     19 (32.8)         15 (25.4)   0.382^[a](#tfn4-ol-0-0-11840){ref-type="table-fn"}^
  Lymph node       12 (20.7)         26 (44.1)   0.007^[a](#tfn4-ol-0-0-11840){ref-type="table-fn"}^

A total of 25 patients had first recurrence at \>1 site.

Obtained using a χ^2^ test

Obtained using a Fishers exact test. RBX1, ring box protein-1.

###### 

Results of the multivariate analysis for overall survival.

  Variables                                      Hazard ratio (95% CI)   P-value
  ---------------------------------------------- ----------------------- ---------
  Age, years                                     0.968 (0.934--1.003)    0.071
  Sex, male vs. female                           2.771 (1.339--5.737)    0.006
  Tumor depth, T3/T4 vs. T1/T2                   3.040 (1.760--5.250)    \<0.001
  Lymph node metastasis, positive vs. negative   2.703 (1.520--4.808)    0.001
  Distant metastasis, yes vs. no                 2.030 (0.968--4.257)    0.061
  Venous invasion, positive vs. negative         0.950 (0.551--1.638)    0.854
  RBX1, high vs. low                             2.023 (1.165--3.513)    0.012

Simultaneously adjusted for age, sex, tumor depth, lymph node metastasis, distant metastasis, venous invasion and RBX1. CI, confidence interval; RBX1, ring box potein-1.
